The study of ferromagnetic semiconductors continues to be of great interest because of their potential for spintronic devices. While there has been much progress in our understanding of ferromagnetic semiconductor materials particularly of the canonical IIIV system Ga1−xMnxAs many issues still remain unresolved. One of these is the nature of interlayer exchange coupling in GaMnAs-based multilayers, an issue that is important from the point of view of possible spintronic applications. In this connection, it is important to establish under what conditions the interlayer exchange coupling between successive GaMnAs layers is antiferromagnetic or ferromagnetic, since manipulation of such interlayer exchange coupling can then be directly applied to achieve giant magnetoresistance and other devices based on this material. In this review we will describe magneto-transport, magnetization, and neutron reectometry experiments applied to two types of GaMnAs-based multilayer structures superlattices and tri-layers consisting of GaMnAs layers separated by non-magnetic GaAs spacers. These measurements serve to identify conditions under which AFM coupling will occur in such GaMnAs/GaAs multilayer systems, thus providing us the information which can be used for manipulating magnetization (and thus also giant magnetoresistance) in structures based on the ferromagnetic semiconductor GaMnAs.
Introduction
The study of dilute ferromagnetic semiconductors (FMSs) continues to be of intense interest because of their potential for spin-electronic device applications [1] .
There has been much progress in our understanding of FMS materials, particularly of the canonical IIIV system Ga 1−x Mn x As [2] .
In IIIV-based FMSs, Mn 2+ ions replace group-III cations, thus providing magnetic moments, and also acting as acceptors. It is of key importance that the holes arising from the presence of the Mn 2+ acceptors then mediate interactions between magnetic moments localized on the Mn ions, thus leading to ferromagnetic order in these IIIV-based FMSs with a relatively high Curie temperature, which currently approaches 190 K [3, 4] .
Even though this Curie temperature does not allow room temperature applications, GaMnAs can already serve as a model material for testing proof-of-concept spintronic devices.
Many of the spintronic devices under consideration (e.g., spin valves) involve FMS/non-FMS multilayers of * corresponding author; e-mail: furdyna@nd.edu various forms. Theoretical models predict both ferromagnetic (FM) and antiferromagnetic (AFM) interactions between the FMS layers, the type of inter-layer exchange coupling (IEC) being of course crucial to the device operation [58] . It has been shown in a number of studies that the type of IEC whether it is FM or AFM depends sensitively on the thickness and doping of the non-FM spacers between the FM layers [9, 10] .
Until recently, however, only FM coupling had been observed in GaMnAs/GaAs and GaMnAs/AlGaAs multilayers [1115] .
As an illustration, Fig. 1 shows polarized neutron reectometry (PNR) measurements taken on GaMnAs/ GaAs superlattices, demonstrating FM coupling between the magnetic layers of the structure.
The main motivation for the present work is to achieve and further understand AFM interactions between neighboring magnetic layers, since AFM IEC can enable us to obtain structures manifesting giant magnetoresistance (so-called GMR), which constitutes the basis for important devices. In such structures the application of a small external magnetic eld (or, as will be argued, other external stimuli) can reverse magnetization of magnetic layers from AFM to FM, resulting in drastic changes of resistance. In the case of GaMnAs/GaAs multilayers being (973) Fig. 1 . (left) Unpolarized neutron reectivity proles for (25 ML/4 ML)×50 and (50 ML/8 ML)×50 GaMnAs/GaAs superlattices. (right) Polarized neutron reectivity proles for the (50 ML/6 ML)×50 GaMnAs/ GaAs superlattice taken in 2 G magnetic eld. The (++) and (−−) represent two non-spin ip (NSF) reectivity channels for the neutron spins parallel and antiparallel, respectively, to the applied eld. The data for spin-up non-spin ip (denoted (++)) scattering is shifted down for clarity. Reprinted with permission from Phys. Rev. B , Ref. [13] . c ⃝(2001) by the American Physical Society.
considered here, such coupling depends on the doping of the non-magnetic layer separating the magnetic GaMnAs layers, thus allowing us to study the role which charge carriers play in exchange coupling between magnetic layers. Besides the interesting physics of this eect, this also enables (via injection of carriers into the spacer layers) the reversal of magnetization in the GaMnAs layers from AFM to FM and vice versa.
In this review we will focus on the features and recent discoveries of AFM interlayer coupling in GaMnAs/ GaAs/GaMnAs superlattices and trilayers, with emphasis on the eect of carriers in spacer layers on the process of IEC between the magnetic layers of the composite structure. is approximately parallel to the magnetic easy axis at the lowest temperature. In the sample with undoped spacers, the magnetization increases below T ≈ 60 K following the typical behavior of ferromagnetic GaMnAs. In sharp contrast, in the sample with Be-doped spacers the temperature behavior of magnetization measured in low elds is We note parenthetically that, in addition to its sensitivity to the relative spin arrangement in the magnetic layers, polarized as well as unpolarized neutron reectivity is also sensitive to the sample structure.
The unpolarized neutron reectivity measured on the Be-doped sample above T C (in this case at 100 K, where 
Observation of AFM IEC in GaMnAs/GaAs/ GaMnAs trilayers
The data obtained on superlattices show that interlayer coupling occurs in the GaMnAs/GaAs multilayer combination, and that it appears when certain concentrations of free carriers are present in the spacer (GaAs) layers. Using this as a starting point, a study of two GaMnAs layers separated by a non-magnetic GaAs spacer is particularly useful, since such a trilayer enables one to zoom in on the specic properties of GaMnAs that determine the IEC. The understanding of such trilayer properties is also important because this geometry constitutes a prototype structure which can be exploited in device (e.g., GMR) applications.
Magnetization results observed on
GaMnAs/GaAs/GaMnAs trilayers 3.1.1. Temperature dependence of magnetization SQUID measurements were used to study the temperature dependence of the trilayer magnetization M (T ). of the GaMnAs layers [23] . The sample was either eld--cooled (FC) in a eld of 1.5 mT, or zero-eld-cooled (ZFC), and the magnetization was then measured as the temperature was increased in zero eld.
As shown in Fig. 5a , three distinct behaviors are observed in three dierent temperature regimes. Below * The reader will notice also weak steps on the slope of the MR curve, seen particularly clearly in curves collected as the eld increases. These steps correspond to successive switching of magnetization in individual layers of the SL. This eect will be discussed in a future publication. ZFC. This shows a clear trend: the higher the applied eld after ZFC, the lower the temperature at which the magnetization undergoes a sharp transition to larger magnitudes, which corresponds to switching of magnetization in the top from an antiparallel to a parallel magnetic alignment with respect to the magnetization of the bottom layer. We also collected data for the complimentary scenario (not shown) where, after eld cooling, there is a transition from parallel to antiparallel alignment of the two layers [24] . Fig. 6 . Plot of magnetic elds at which the alignment changes from antiparallel to parallel as a function of temperature. The ZFC and FC data were each tted to an exponential decay function with the same decay constant. The value of the exchange eld HE was then determined by taking the average of the two curves, shown as the solid blue line. The green point marks the value of HE determined from a direct hysteresis loop measurement (Fig. 7) .
The dependence of the IEC eld H E on temperature can be estimated by plotting the applied eld H as a function of the temperature at which the parallel-to--antiparallel transition occurs (see Fig. 6 ). These data, representing the two coercive elds H C1 and H C2 as a function of T , can be tted using exponential decay functions with the same decay constant.
The average of H C1 and H C2 then gives the magnitude of the exchange eld H E . This is equivalent to measuring the center of the minor hysteresis loop of top layer as a function of temperature. Also shown in Fig. 6 (by open circle) is the value of H E estimated from the minor hysteresis loop at 15 K (as discussed in the next section), corroborating our method of estimating H E . tization parallel to H, [25] . which can be model-tted using exact dynamical calculations [26] to determine the actual magnetizations of the individual GaMnAs layers within the trilayer structure [10] .
Hysteresis loops of GaMnAs/GaAs/GaMnAs trilayer
After cooling to either 5 K or 30 K in zero eld, a small eld (< 1 mT) was applied to ensure polarization of the neutron beam, and PNR spectra were measured to determine the spontaneous (i.e., ZFC) magnetization state of the trilayer. The eld was then cycled between +800
and −800 mT before returning below 1.0 mT in order to investigate the robustness of the initial magnetization state. Since the dierence between the spin-up and spin--down non-spin-ip reectivities is small, it is convenient to plot the tted PNR data in the form of spin asymmetry (i.e., the dierence between spin-up and spin-down reectivities divided by their sum), as shown in Fig. 8 .
For this case, the most important feature of the spin asymmetry is the ratio of the magnitudes of the peak occurring at the lowest-Q to that at the second-lowest Q, a quantity which we dene as β. Model calculations [26] show that when β > 1, the alignment of the two GaMnAs layers within the trilayer is parallel (FM), while β ≤ 1 corresponds to antiparallel (AF) alignment. For the 5 K measurement in 0.6 mT immediately after ZFC (Fig. 8a) , the magnitude of the rst peak is signicantly smaller than that of the second, giving β ≈ 0.7, thus indicating AF alignment of M in the two GaMnAs layers. This (Fig. 8b) , β increases dramatically, indicating parallel magnetization alignment.
At 30 K in 0.2 mT immediately after ZFC (Fig. 8c) , we obtain a low value of β, corresponding to antiparallel alignment. After eld cycling at 30 K (Fig. 8d) We now comment on our inability to observe IEC at higher temperatures (> 33 K). It has been shown previously that the magnetic properties of GaMnAs depend on the electronic properties (e.g., on doping) of the layer on which it is grown [30, 31] , and that the resulting increased hole concentration in GaMnAs can result in switching of the uniaxial easy axis by 90
• , from [110] to [1 -10] , [32, 33] . Since in the present case the top layer of the sample was grown on a heavily Be-doped spacer, it is possible that above a certain temperature the top 
